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Cromatografia líquida compreensiva bidimensional; matéria orgânica natural; 
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Com o objetivo de avaliar a heterogeneidade química da matéria orgânica 
natural (MON), foi aplicada pela primeira vez a técnica de cromatografia líquida 
compreensiva bidimensional (CL x CL) a três misturas orgânicas complexas: 
ácidos fúlvicos do Rio Suwannee (AF-RS) e do Lago Pony (AF-LP), ambos 
obtidos da Sociedade Internacional de Substâncias Húmicas, e matéria 
orgânica solúvel em água (MOSA) de aerossóis atmosféricos. Com esta nova 
técnica analítica, pretendeu-se efectuar a separação cromatográfica das 
amostras de MON tendo em conta a hidrofobicidade e polaridade vs. massa 
molar. Para o efeito, foram desenvolvidos dois métodos distintos, utilizando na 
primeira dimensão ou uma coluna de fase reversa convencional (C18) ou uma 
coluna de interação hidrofílica/fase reversa (HILIC, sigla inglesa), e na segunda 
dimensão uma coluna de exclusão por tamanhos (SEC, sigla inglesa). Os perfis 
cromatográficos das frações resultantes dos sistemas C18 x SEC e HILIC x 
SEC foram registados por três detetores: UV a 254 nm, fluorescência molecular 
a comprimentos de onda de excitação/emissão (Exc/Em) de 240/450 nm e 
detector evaporativo de dispersão de luz. 
A distribuição da massa molar das amostras foi caracterizada pelas grandezas  
massa molar média em número (Mn), massa molar média em peso (Mw), e 
índice de polidispersão (Mn/Mw). Os resultados obtidos sugerem que a 
combinação de dois mecanismos de separação independentes constitui um 
método promissor na separação de amostras de MON. A distribuição de Mw 
obtida neste estudo foi de 745 a 2122 Da, 637 a 1950 Da e 157 a 891 Da para 
as amostras de AF-RS, AF-LP e MOSA de aerossóis atmosféricos, 
respectivamente. A gama de valores obtidos para a distribuição de Mw foram 
associados às diferentes origens e mecanismos de formação das amostras de 
MON, os quais podem influenciar a respectiva composição química e 













Comprehensive two-dimensional liquid chromatography; natural organic 
matter; size-exclusion chromatography; reversed-phase liquid 




For the purpose of resolving the chemical heterogeneity of natural organic 
matter (NOM), comprehensive two-dimensional liquid chromatography (LC 
x LC) was employed for the first time to map the hydrophobicity and 
polarity vs. molecular weight (MW) distribution of the following complex 
organic mixtures: Suwannee River (SR-FA) and Pony Lake (PL-FA) Fulvic 
Acids, both obtained from the International Humic Substances Society, and 
water-soluble organic matter (WSOM) from atmospheric aerosols. Two 
methods have been developed using either a conventional reversed-phase 
silica column (RP-C18) or a mixed-mode hydrophilic interaction column 
(mixed-mode HILIC) in the first dimension, and a size-exclusion column 
(SEC) in the second dimension. The RP-C18 x SEC and mixed-mode 
HILIC x SEC fractions were screened on-line by UV at 254 nm, molecular 
fluorescence at excitation/emission wavelengths (Exc/Em) of 240/450 nm, 
and by evaporative light scattering. 
The MW distributions of these NOM samples were further characterized by 
number average molecular weight (Mn), weight average molecular weight 
(MW), and polydispersity (Mn/Mw). Findings suggest that the combination of 
two independent separation mechanisms is promising in extend the range 
of NOM separation. The complete range of Mw values obtained in this 
study varied within 745-2122 Da, 637-1950 Da, and 157-891 Da for the 
SR-FA, PL-FA and WSOM, respectively. The obtained results were 
associated to the different origin and formation pathways of the three NOM 
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The chemical composition and physical properties of natural organic matter 
(NOM) are fundamental features that influence its behavior in the environment. So, it 
is crucial to understand and know their molecular structure. However, this 
understanding is limited by the complexity of the sample, which is impossible to be 
resolved by the traditional one-dimensional liquid chromatography (1D-LC) techniques, 
mostly due to the lack of resolving power. The 1D-LC has been widely applied and 
proved to be a fundamental tool in the separation of complex mixtures. However, the 
development of a multidimensional method could be a valid approach for 
accomplishing the characterization of NOM. Therefore, the main goal of this work is to 
apply a comprehensive two-dimensional liquid chromatography (2D-LC) methodology 
to three different NOM samples: Suwannee River fulvic acid standard material (SR-FA), 
Pony Lake fulvic acid reference material (PL-FA), both obtained from International 
Humic Substances Society (IHSS), and water-soluble organic matter (WSOM) from 
atmospheric aerosols collected during the Winter season in a rural site. Additional 
details on aerosol sampling, sample preparation, and structural characterization are 
described in the work of Duarte et al. (2007).  
This work is organized in four chapters. In the first it is discussed the 
importance of NOM and the need for a deeply understanding of its structure, as well 
as some theoretical aspects of the aquatic and atmospheric NOM. The 2D-LC system 
and the need for applying this technique to NOM analysis is also discussed in this 
chapter. Chapter 2 encompasses the spectroscopic characterization of NOM by 
molecular fluorescence spectroscopy. It includes the description of the applied 
methodology and discussion of the obtained results. Chapter 3 consists in the 
optimization of the chromatographic conditions for the separation of NOM samples by 
2D-LC. After the optimization of the chromatographic conditions of the first dimension 
(1stD) and second dimension (2ndD), chapter 4 describes the implementation of the 
comprehensive 2D-LC methodology for the analysis of the NOM samples and the 
results obtained. The discussion of the results is also presented in this chapter.Finally, 
some final remarks and conclusions are presented, as well as some perspectives for 
future work.  





At the end of this work it is expected to demonstrate the applicability of the 2D-







































1.1. Natural organic matter: importance and composition 
NOM is a complex heterogeneous mixture of organic compounds having a wide 
range of physico-chemical properties. Ubiquitous in terrestrial, aquatic and 
atmospheric environments, NOM is composed of different classes of compounds, that 
vary in terms of acidity, charge density, and molecular structure, and range from low 
molecular weight (MW), such as amino acids and urea, to high MW compounds, 
collectively called humic substances (HS) (humic and fulvic acids) (Swietlik et al., 2004; 
Reemtsma, 2009a). Nowadays, there is still a lack of a consensual definition of NOM 
since its chemical composition and structural characteristics are not exactly known. 
Their composition depends not only on their sources (autochthonous and 
allochthonous), which are related to their geographical localization and seasonal 
variations (Kaiser et al., 2002; Li et al., 2006; Sharp et al., 2006; Rosario-Ortiz et al., 
2007; Wei et al., 2008; Kaiser and Benner, 2009; Tremblay and Gagné, 2009; 
Vancampenhout et al., 2009; Micid; et al., 2011; Selberg et al., 2011), but also on the 
various complex biological and abiotic reactions. 
NOM play a fundamental role in the environment. On soil it is responsible for 
the cation-exchange capacity (Oorts, 2003) and is extremely important in retaining 
cations against leaching (Caravaca et al., 1999; Chen, 2003). It also form complexes 
with metal ions (Lu, 2002; Twardowska, 2003; Hur, 2011; Uchimiya, 2011) and reduces 
its oxidized forms. This lead to changes in their solubility, on their mobility, and make 
them less bioavailable (Xu, 1988). This capacity to form metal binding is probably the 
most important and the most study role of NOM not only in the soils, but also in water 
matrixes (Doig, 2006; Dessureault-Rompré et al., 2010; Gheorghiu, 2010; Li, 2010). 
NOM also participate in mineral matter degradation (weathering of rocks and 
minerals) (Stevenson, 1985; Oliva, 1999; Lindroos, 2003) and adsorb organic chemical 
pollutants (e.g. pesticides and their derived residues), forming stable chemical linkages 
and thereby affect their bioactivity, persistence, biodegrability, leaching in soils, and 
volatility (Northcott, 2000; Mudhoo, 2011). 
NOM also represent a major portion of the total organic carbon on earth's 
surface (water, soil and air) (Reemtsma, 2009b), thus having a very important influence 





on the global carbon cycle (Mathur and Farnham, 1985; Lloret, 2011; Sepúlveda, 2011). 
It contributes to plant growth in soil due to its nutritional function as a source of 
nitrogen, phosphorous and sulfur (Stevenson, 1994c), and could as well participate in 
complexation of enzyme proteins that could inhibits their catalytic activities (Mathur 
and Farnham, 1985; Zech, 1997). The presence of certain functional groups influences 
their general properties and consequently influences their behavior in the natural 
environment (Yves Dudal and Frédéric Gérard, 2004; Uchimiya, 2011). So it is crucial to 
understand and know the chemical and molecular structure of NOM  
All samples collected from different environmental matrices are constituted by 
an inorganic (e.g., metal and salt species) (Valsecchi and Polesello, 1999; Kazi et al., 
2009) and an biological component. The biological component, resulting from the 
decomposition of plants and animals by microbial, chemical, physical and enzymatic 
transformations, is the fundamental source of NOM (McKnight et al., 1985; Stevenson, 
1994c). 
NOM is composed by a humic (humus or humified organic matter) and a non-
humic fraction (Thurman, 1985). The non-humic fraction is composed by identifiable 
substances released directly from cells such as proteins, aminoacids, and sugars, and it 
appears to be less structured and complex than the humified fraction (Bot and Benites, 
2005). This non-humic fraction can undergo transformation into humic compounds by 
means of aromatization and condensation reactions (Vergnoux et al., 2011). The non-
humic substances can also be associated to HS, such proteins and polysaccharides, 
through covalent bonding and electrostatic interactions, thus enabling a clear 
distinction between humic and non-humic fraction (Leenheer, 1985). 
 
 
1.1.1. Humic fraction of NOM 
Humic fraction is the part of organic matter that has been used and 
transformed by many different organisms (humification process) and that is formed by 
stable components that could be grouped in three sub-fractions: fulvic acids, humic 
acids and humin. This is an operational definition, developed by Odén in 1919 and 




largely accepted by all the scientific community. It is based on the isolation procedure 
applied to solid-phase source materials, such as soils, and it relies on the differences in 
the solubility at different pH values and in the observed color (Stevenson, 1994b; 
Steinberg, 2003). Fulvic acids results from the association of small hydrophilic 
molecules with a certain number of acidic functional groups (particularly –COOH) 
which makes them soluble in water under all pH values. Humic acids results from the 
linkage of hydrophobic compounds by hydrophobic dispersive forces. Decreasing the 
pH to values lower than 2, the intermolecular hydrogen bonding increase and the 
humic acids flocculate (Piccolo, 2002). Humin is insoluble at any pH values and exhibit 
a black color (Bot and Benites, 2005). Despite of these differences, fulvic acids, humic 
acids and humin do not have three different types of organic molecules. In fact, these 
fractions correspond to different stages of a degradative or synthetic pathway in the 
humification process (Stevenson, 1985; 1994a; Bot and Benites, 2005). 
According to the degradative theory, plants and microorganisms debris give rise 
to refractory high molecular mass organic compounds, i.e. humin, which are precursor 
material for humic and fulvic acids formation upon degradative oxidation. During these 
degradative processes, other organic compounds are formed exhibiting lower 
molecular weight, higher solubility, and constituted by more variable molecules with 
lower similarity compared to the source material (Stevenson, 1994a).This pathway are 






Figure 1. Schematic illustration of the degradative pathway involved in the formation of HS. 
 
 
Within the synthetic pathway, presented in Figure 2, plant and microorganisms 
synthesize and excrete small MW compounds (such as polyphenols), which together 
with the organic compounds released during the oxidative degradation of lignin, 












Figure 2. Schematic illustration of the synthetic pathway involved in the formation of HS 
 
 
The molecular structure of HS is still a matter of debate in the scientific 
community. The more traditional approach considers that HS are associated according 
to a macropolymeric model, constituted by high MW structures that can coil or expand 
under specific conditions of pH and ionic strength (Ghosh and Schnitzer, 1980; Relan et 
al., 1984; Swift, 1999). A more recent concept considers that HS are formed by 
spontaneous aggregation of different and undefined small compounds (without 
macromolecular character). The aggregates are stabilized by weak forces (such as 
dispersive hydrophobic interactions and hydrogen bonds), are more or less well 
microscopic defined and they are viewed as supramolecular associations with different 
macroscopic organizations (Conte and Piccolo, 1999; Cozzolino et al., 2001). This 
model is, however, just a theoretical approach, lacking of valid experimental 
verification. Recently, Baigorri et al. (2007) concluded that macromolecules, small 
molecules and supramolecular associations coexist in HS. With the evolution of the 
analytical methods, progressive refinements in the structural models of HS have been 
verified, and the determination of humic fraction components as specific molecular 
structures is beginning to be seen as an advantageous work. However, some authors 
are still skeptics and consider that the characterization of humic fraction at the 
molecular level is impossible to be achieved (Leenheer, 2007). 
 




1.2. Extraction, fractionation, and characterization of NOM 
1.2.1. NOM in lake and rivers waters 
As previously mentioned, NOM is present in all compartments of the earth 
(water, soil and atmosphere) and interact with each other, thus constituting a dynamic 
and mutant system (McKnight et al., 1985). In this work, a special attention will be 
devoted to aquatic (lake and river) and atmospheric environments, since the NOM 
from these matrices will be the focus of the current research work. 
NOM is found in all aquatic environments in a typical concentration between 
0.5 to 4 mg C L-1, being present under the form of dissolved organic matter (DOM) and 
particulate organic matter (POM) (Haitzer et al., 1998). These two fractions are also 
operational defined: the fraction that passes through a 0.45 m pore size filter 
correspond to DOM, whereas the organic matter retained by the filter is designated as 
POM. In aquatic ecosystems, the largest pool of organic material in the water column 
is DOM (Hessen and Tranvik, 1998). When referring to the dissolved fraction of organic 
matter, the terms “DOM” and “dissolved organic carbon (DOC)” have been wrongly 
applied interchangeably along the literature. However, it is important to distinguish 
between these two terms. DOM corresponds to all organic matter dissolved in the 
aquatic sample, including the DOC. The DOC is determined by combustion techniques 
coupled to a carbon analyzer, and it corresponds only to the carbon dissolved in the 
water sample. Nevertheless, these two terms are associated and they can be 
interconvert, since the DOC accounts for approximately 45 to 50% of DOM (Kalbitz et 
al., 2000; Allan and Castillo, 2007). 
Since no standard protocol exists to characterize aquatic NOM, the comparison 
of the results obtained by different methods must be performed with caution. 
Nevertheless, the study of aquatic NOM entails four general steps, as depicted in 


















Figure 3. General procedure to study NOM 
 
 
After the sampling procedure, it is crucial to proceed with the extraction and 
isolation of the organic compounds. The aim of this step is to remove possible 
interferences present at low concentration levels by employing an adequate analytical 
method that assures a representative fraction of the original sample (Varga et al., 
2001). Reverse osmosis (Koprivnjak et al., 2009; Bagastyo et al., 2011), XAD resins 
(Wang et al., 2009; Pernet-Coudrier et al., 2011), and ion exchange chromatography 
(Nagao et al., 2003; Long Zhang et al., 2009) have been the procedures most employed 
in this step. It is important to note that some of the analytical techniques used in the 
extraction and isolation procedure could also act as a fractionation technique. This 
suggest that steps 2 and 3 of Figure 3 can be performed in just one run. XAD- resins is a 
good example of such procedures (Wang et al., 2009; Pernet-Coudrier et al., 2011). 
The fractionation step can also be accomplished by electrophoresis (Peuravuori et al., 
2005; Tsukasaki and Tanoue, 2010), ultrafiltration (Kaiser and Benner, 2009; Bagastyo 
et al., 2011), and by liquid chromatography (Minor and Stephens, 2008; Tercero 
Espinoza et al., 2011). 
Characterization has been mostly made by elemental analysis (Lankes et al., 
2008; Tremblay and Gagné, 2009), mass spectrometry (Minor and Stephens, 2008; 
Louchouarn et al., 2010), fluorescence spectroscopy (Wang et al., 2009; Bagastyo et 
al., 2011), UV specific absorbance (Wang et al., 2009; Selberg et al., 2011), nuclear 
magnetic resonance (Koprivnjak et al., 2009; Abdulla et al., 2010), and Fourier 
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Step 2 Extraction and isolation 
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transform infrared spectroscopies (Minor and Stephens, 2008; Long Zhang et al., 
2009). It is important to note that NOM samples are very complex matrixes and any of 
these characterization techniques give clear results without a previous fractionation 
technique. This is especially evident when is employed a mass spectrometry technique.  
 
 
1.2.2. NOM in atmospheric aerosols 
Atmospheric aerosols are defined as liquid or solid suspended particles 
dispersed in the atmosphere (gas phase) with diameters ranging from 10-9 to 10-4 m 
(Ulrich Pöschl, 2005; Kimberly A. Prather et al., 2008). Smoke, fog and smog are some 
examples of aerosols particles existing in the troposphere (Kimberly A. Prather et al., 
2008). They can originate from natural (e.g. volcanic eruptions, sea salt and soil 
emission particles, plant fragmentation, pollen, and microorganisms) and 
anthropogenic sources (e.g. biomass burning, combustion of fossil fuel, industry dust, 
and traffic-related dust) (Ulrich Pöschl, 2005). Atmospheric particles can also be 
classified as primary and secondary particles according to their formation mechanisms. 
Primary atmospheric aerosols are directly emitted as liquid or solid particles (from 
anthropogenic or/and natural sources) into the atmosphere, whereas secondary 
aerosols are formed in situ in the atmosphere by means of photo-oxidation reactions 
of primary organic volatile compounds with other species (namely, hydroxyl and 
nitrate radicals and ozone) emitted into the atmosphere. These photo-oxidation 
reactions originate a large number of compounds with different functional group 
composition, which are more reactive, highly oxidized, and less volatile than their 
precursors. This fact, together with the wide range of source contributions, explains 
the large variety of compounds that constitute the atmospheric aerosols (Ulrich 
Pöschl, 2005; Henry et al., 2008; Kimberly A. Prather et al., 2008). 
Aerosol particles are constituted by an inorganic and organic component. The 
organic fraction, also referred as carbonaceous material, is composed by organic 
carbon and elemental carbon (sometimes also referred as black carbon) (Ulrich Pöschl, 
2005). Previous works have shown that a highly variable fraction (from 20% to 77%) of 





the aerosol carbonaceous material is soluble in water (Zappoli et al., 1999; Decesari et 
al., 2000; Duarte et al., 2005). The WSOM has hygroscopic properties, thus influencing 
the effective density (Zelenyuk et al., 2010), surface tension behavior (Facchini et al., 
2000; Tuckermann and Cammenga, 2004), and ability of the aerosol particles to act as 
cloud condensation nuclei (Saxena et al., 1995; Shulman et al., 1996; Cruz and Pandis, 
2000; Peng et al., 2001). 
Studies on the chemical characterization of the WSOM have reported the 
presence of aliphatic structures (e.g. aliphatic alcohol, aliphatic mono-, di- and 
policarboxylic acids, hydroxylate acid compounds), amines (e.g. amino acids and 
hydroamines), alcohols, polyols, ketoacids, mono-, di-, and polycarbonyls, polyethers, 
sugars, and other oxygenated functional groups, as well as hydrocarbons and aromatic 
structures (Saxena and Hildemann, 1996; Facchini et al., 1999; Facchini et al., 2000; 
Krivácsy et al., 2001; Kiss et al., 2002; McFiggans et al., 2005; Duarte et al., 2007; 
Duarte et al., 2008; Xia and Gao, 2010; Laitinen et al., 2011). However, and despite this 
current knowledge on the main structural features of the aerosol WSOM, this fraction 
is still poorly characterized at the molecular level. The multitude of molecular forms, 
sources, and reactivity makes the complete characterization of this organic fraction 
extremely difficult. 
In terms of standard methodology for the characterization of aerosol WSOM, 
no such method is current available in the literature. Extraction and isolation of WSOM 
have been made principally by solid-phase extraction (reversed phase (RP) (Varga et 
al., 2001), Hydrophilic-lipophilic, anion exchange (Parshintsev et al., 2010), and XAD-
resins (Samy et al., 2010)), and ion-exchange chromatography (Iinuma et al., 2009). 
Seems that atmospheric aerosols are complex samples it is crucial to separate the 
components that constitute them. The techniques most frequently employed in the 
third step are liquid chromatography (Mancinelli et al., 2007; Kitanovski et al., 2011) 
and capillary electrophoresis (Krivácsy et al., 2000; Dabek-Zlotorzynska et al., 2005). It 
is important to note that step (2) and step (3) (isolation and fractionation procedures) 
could be done by just one analytical technique enclosing in one procedure those two 
steps. In what concerns the structural characterization of the aerosol WSOM, 




techniques such as elemental analysis (Ma et al., 2001; Duarte et al., 2007), mass 
spectrometry (Stone et al., 2009; Kitanovski et al., 2011), UV-Vis spectroscopy (Duarte 
et al., 2005; Krivácsy et al., 2008) , Fourier transform infrared spectroscopy (Krivácsy et 
al., 2001; Kiss et al., 2002), fluorescence spectroscopy (Duarte et al., 2005; Nakajima et 
al., 2008),and nuclear magnetic resonance (Decesari et al., 2005; Duarte et al., 2008) 
are the most frequently employed.  
An important portion of aerosols organic fraction that largely contribute to the 
mass of organic compounds is an macromolecular fraction that was firstly mentioned 
by Went and co-workers (1960). After that, Havers et al. (1998) concluded that these 
compounds have a certain degree of similarity with the naturally occurring humic acids 
and proposed the term humic-like substances to designate this organic fraction. After 
this, many researchers have been study this particularly fraction and confirm Havers 
discovery (Zappoli et al., 1999; Kiss et al., 2002; Duarte et al., 2007; Stone et al., 2009; 
Lin et al., 2010). However, some of them found that water soluble organic 
macromolecular fraction is only qualitatively similar humic material (Sannigrahi et al., 
2005; Duarte et al., 2007). The origin of these substances in aerosol particles has been 
also object of interest. They be from a primary source (directly emitted from the 
source to the atmosphere) (Cavalli et al., 2004; Mayol-Bracero et al., 2002) or 
secondary origins resulting from different pathways like condensation, polymerization 
and/or oligomerization of the polar low MW particles directly emitted to the 
atmosphere (Gelencsér et al., 2002; Hung et al., 2005). 
 
 
1.2.3. Limitations of the studies developed so far 
Due to the huge complexity of NOM samples, the analytical techniques applied 
so far were unable to provide detailed information on the molecular structure of these 
samples. In fact, some authors believe that full molecular characterization could be 
impossible to achieve in spite of the recent evolution in the field of advanced analytical 
techniques (Gašparovid et al., 1997; MacCarthy, 2001; Leenheer, 2007). The solution to 
this current situation could pass through the application of fractionation methods in 





order to reduce the heterogeneity of the NOM samples. The 1D-LC is the technique 
most employed for NOM separation (Parlanti et al., 2002; Dittmar and Kattner, 2003; 
Alberts and Takács, 2004a; Kennedy et al., 2005; Persson et al., 2006; Allpike et al., 
2007; Koch et al., 2008; Tercero Espinoza et al., 2009; Duarte and Duarte, 2010; Huber 
et al., 2011).  
In spite of the improvements verified in the recent years in the liquid 
chromatography system (specially on the evolution of the new stationary phases (de 
Villiers et al., 2006), in coupling columns in series (Lestremau et al., 2006), and in 
operating at elevated temperatures (Wang et al., 2006)) 1D-LC does not meet the 
expectations of researchers due to its limitations in resolving power. According to 
Guiochon et al. (2008), there is the need for shorter separation times in complex 
systems, and the actual methods applied in 1D-LC will not be able to provide a 
significant progress on this issue. If the number of sample components exceeds the 
chromatographic peak capacity in 37%, then the separation resolution is 
compromised, and even in simple mixtures the separation by 1D-LC can not provide an 
adequate response (Davis and Giddings, 1983). A possible way for innovation in this 
field is the development of multidimensional separations, using different separation 
mechanisms at the various dimensions. 
 
 
1.3. Comprehensive 2D-LC 
A 2D-LC system consists of two 1D-LC systems connected through an interface 
or flow modulator. In order to take full advantage of the two dimensionalities, the 
sample is subjected to two different separation mechanisms, which must be 
completely independent from each other and show distinct retention profiles, that is, 
the separations must be orthogonal (Dugo et al., 2008). 
One of the main problems associated to the 2D-LC is the need for designing the 
separation for maximum orthogonality and, simultaneously, avoiding any potential 
incompatibility and immiscibility between the mobile phases of the first and second 
column (Dugo et al., 2008). The most recent developments in multidimensional LC, 




especially in 2D-LC, have been associated to the needs for increasing resolution and 
peak capacity in proteomic research, as well as for an independent relationship 
between size and chemical structure selectivity in the industry of polymers (Cohen and 
R.Schure, 2008). The 2D-LC provides a higher peak capacity (twice as much when 
compared to the peak capacity of the 1D-LC), higher resolving power, higher 
selectivity, and it takes less analytical time (Shellie and Haddad, 2006; Guiochon et al., 
2008; Dugo et al., 2008). Consequently, all of the above mentioned aspects led to an 
improvement in the analytical performance of 2D-LC when compared to 1D-LC.  
As demonstrate in Figure 4, the 2D-LC systems can be classified in on-line and 
off-line, depending on the way how the sample is transferred from the first to the 
second column. In an off-line approach, fractions of the eluent from the first column 
are collected, concentrated, and subsequently injected into the second column. In the 
on-line approach, the two dimensions are linked by an interface or flow modulator 
capable of collecting fractions from the first column and simultaneously inject them 
into the second column (François et al., 2009). The off-line 2D-LC has the advantage of 
being easy to manipulate, but it is prone to sample losses and contaminations. 
Furthermore, it usually has longer times of analysis than the on-line systems. The on-
line approach is faster and more reproducible; however, it needs specific interfaces, 
and it is more sophisticated regarding the operational procedures (François et al., 
2009).  
On-line systems can be further divided into heart-cutting (usually abbreviated 
as LC-LC) and comprehensive (usually abbreviated as LC × LC), and the main difference 
between these two modes of operation is related to the quantity of sample that is 
transferred from the 1stD to the 2ndD (Shellie and Haddad, 2006). In heart-cutting 2D-
LC, only the fractions identified in the 1stD as relevant and containing the components 

















Figure 4. 2D-LC systems classification according to the transferred mode of the sample from 
the 1stD  to the 2ndD column 
 
 
In comprehensive 2D-LC, successive fractions of the entire sample separated in 
the first column are sequentially sent to the second column. Therefore, in 
comprehensive 2D-LC, the entire sample is subjected to both separation processes 
associated to each column (François et al., 2009). The scheme of this system is above 
describe in Figure 5. The great advantage of this technique is that the whole sample is 
fractionated by two completely independent separation mechanisms, and the 
separation accomplished in the 1stD is preserved along the 2ndD analysis. The final 
comprehensive 2D-LC profile is the end result of the combination of the two 
separation mechanisms (François et al., 2009; Dugo et al., 2008). 
While the sample fractions are being separated in the 2ndD, the loop of the 
interface collects one more fraction of the effluent from the 1stD. Therefore, the 
adequate flow rates must be chosen in such a way that the analysis time of the 2ndD 
corresponds to the necessary time to fill the loop with the effluent from the 1stD. 
Furthermore, this time must be sufficient to accomplish the analysis of the entire 
sample without interrupting the flow (Shellie and Haddad, 2006). 
To maintain the separation obtained along the 1stD it is crucial to chose an 
adequate modulation period. If the sampling period is too longer (modulation period 
larger than the 1st D peak widths), the separation obtained in the 1stD is lost and the 
compounds co-elute. If the sampling period is too short (several sampling collections 













and unnecessary analysis time, the collection of the effluent from the 1stD must 














Figure 5. Schematic representation of a comprehensive 2D-LC system components 
 
 
A 2D-LC system, as in the case of 1D-LC, allows the use of more than one 
detector connected in series, which are usually coupled at the end of the 2ndD column 
for maximum analytical information. Mass spectrometry (Kivilompolo et al., 2008; Pól 
et al., 2006) and ultra-violet spectroscopy (Hu et al., 2005; Brudin et al., 2010) are the 
most frequently detectors employed in 2D-LC systems. The main issue here lies in the 
fact that the 2ndD analysis should be very fast, and the detector must be able to detect 
a large number of peaks in a short period of time (Stoll et al., 2007). Mass 
spectrometry detection don´t support fast acquisition rate and the flow need to be 















1.3.1. Comprehensive 2D-LC applied to complex organic mixtures 
2D-LC is the most develop method in the field of the multidimensional 
separation and has been largely employed in the analysis of complex organic mixtures 
such as proteins (Opiteck et al., 1998; Stoll and Carr, 2005; Rao and Shinde, 2009; 
Boyan Zhang et al., 2009; Wang et al., 2010; Turtoi et al., 2010), plant and herb 
extracts (Chen et al., 2004; Hu et al., 2005; Wang et al., 2007a; Pól et al., 2007; 
Kivilompolo and Hyötyläinen, 2007; Jeong et al., 2010), food and beverages samples 
(Blahov et al., 2006; Cacciola et al., 2006; F. Cacciola et al., 2007; Francesco Cacciola et 
al., 2007; Kivilompolo et al., 2008; Brudin et al., 2010), and polymers(Floyd, 1988; 
Horst and Schoenmakers, 2003; Coulier et al., 2005; Popovici et al., 2005; Jandera et 
al., 2006; Vivó-Truyols and Schoenmakers, 2006; Im et al., 2009; Raust et al., 2010). 
However, this technique has not been used in the separation of NOM from 
environmental samples and until now, just one work has been reported in the 
literature addressing the application of comprehensive 2D-LC for the quantitative 































Spectroscopic characterization of NOM by three-dimensional 




























Since one of the detectors employed in the 2D-LC chromatographic system is a 
fluorescence detector (FLD), it is fundamental to study each sample and to identify the 
specific excitation/emission (λExc/λEm) wavelengths to be employed in the subsequent 
2D-LC analyses. With this as an objective, three-dimensional excitation-emission matrix 
(3D-EEM) fluorescence spectroscopy was performed, and the general spectroscopic 
characteristics of each sample were described. 
When a molecule absorbs electromagnetic radiation with a certain wavelength, 
electrons are excited to a higher state level. The return to the fundamental state could 
occur by non-radiative relaxation processes or by radiative process with the emission 
of a photon of radiation in the UV-Vis region. Non-radiative processes compete with 
the radiative emission and the rate at each occur give quantitative and qualitative 
information about the sample. The fluorescence phenomenon is typically associated to 
* transitions. The most intense fluorescence occurs in compounds with 
conjugated  bond systems like aromatic functional groups and their quantum 
efficiency increase with the increasing number of aromatic rings and condensation 
degree (Lakowicz, 2010). 
Fluorescence spectra has been one of the most employed techniques in the 
characterization of water soluble organic fraction (Santos et al., 2001; Duarte et al., 
2003; Guéguen et al., 2005; Mancinelli et al., 2007). However, due to the lack of 
resolving power, this technique give little and featureless information when compared 
to the high complexity of NOM samples composed by a multi-chromophoric system 
(Hautala et al., 2000). 
More recently, 3D-EEM florescence spectroscopy has been successfully 
employed in the study of DOM (Her et al., 2003; Duarte et al., 2004; Yamashita et al., 
2010; Gonsior et al., 2011). This technique consists in scanning and recording a 
emission spectra at different excitation wavelengths, in sequential increments. It is 
obtained a sample matrix fluorescence map that consists in a 3D fluorescence spectra 
of fluorescence excitation wavelength, emission wavelength and intensity (Matthews 
et al., 1996; Duarte et al., 2004; Hudson et al., 2007). 





2.2. Experimental procedure 
Each NOM sample was studied at different pH values: 4.0, 5.0, 7.0, and 8.5. For 
the pH values of 5.0, 7.0, and 8.5, each sample was dissolved in a phosphate buffer in 
the rage of 0.018-0.0036 mg mL−1, 0.0027-0.0094 mg mL−1, 0.0037-0.0125 mg.mL-1 , 
and 0.0034-0.021 mg.mL-1 for the SR-FA, in the range of 0.0050-0.0051 mg mL−1, 
0.0050-0.0080 mg mL−1, 0.0040-0.0090 mg.mL-1, and 0.0050-0.0080 mg.mL-1 for the PL-
FA sample, and in the range of 0.0012-0.0015 mg mL−1, 0.0082-0.0089 mg mL−1, 
0.0024-0.0068 mg.mL-1, and 0.0057-0.0060 mg.mL-1 for the WSOM sample at pH 4, 5, 
7, and 8.5, respectively. The fluorescence spectra were recorded on a 
spectrophotometer JASCO, model FP-6500. The 3D-EEM fluorescence spectroscopy 
involved scanning and recording of 18 individual emission spectra (230-500 nm) at 
sequential increments of 10 nm of excitation wavelength between 220 and 400 nm. 
The spectra were recorded at a scan speed of 100 nm min-1 using excitation and 
emission slit bandwidths of 10 nm. Phosphate and acetate buffer solutions were used 
as blank, and the peaks due to water Raman scatter were eliminated from all spectra 
by subtracting the blank spectra.  
 
2.3. Results and discussion  
The 3D-EEM contour and surface profiles of SR-FA, PL-FA, and WSOM samples 
are shown in Figure 6, 7, and 8. For the sake of easier comparison between different 
samples, the 3D-EEM data was normalized to the DOC content of each sample and to 
the maximum fluorescence intensity. The carbon content of the WSOM sample was 
previously estimated by Duarte et al. (2007) who reported an average percentage of 
57.5%. The carbon content of the SR-FA and PL-FA samples was provided by the IHSS 
supplier: 52.4 % and 52.5%, respectively. This normalization is only possible since the 
aim of this study was to obtain qualitative information on the fluorescence 
characteristics of the selected NOM samples. 
 
 

















































































The identification of each fluorophore was made in agreement to Parlanti et al. 
(2000) work that according to the λExc and λEm name five types of fluorophores (or 
groups of fluorophores) as α´( 237-260/400-500 nm), α (300-370/400-500 nm), β 
(312/380-420 nm), γ ( 225-237/309-321 nm and 275/310 nm), and δ (225-237/340-381 
nm and 275/340 nm). 
For the aquatic fulvic acid samples (SR-FA and PL-FA), and independently of the 
pH value, two different groups of fluorophores can be distinguished (α´ and α). The λExc 
and λEm of each one are described in Tables 1 and 2, to SR-FA and PL-FA samples 
respectively. The obtained results are in agreement with those published in the 
literature for aquatic fulvic acids, whose fluorescence spectra also exhibit two peaks 
within the same λExc/λEm regions (Paula G, 1996; Diane M. McKnight et al., 2001; Her et 
al., 2003; Alberts and Takács, 2004b; Sierra et al., 2005). Furthermore, the small 
differences detected between SR-FA and PL-FA on the exact location of the λExc and λEm 
of each fluorophore can be associated to the different origin of each sample (Sierra et 
al., 2005). The PL-FA have a microbial source and result from the degradation of algal 
biomass in the lake sediments or in the water column, whereas SR-FA originate from 








4.0 250/454 329/437-454 
5.0 242/445-448 329/454-459 
7.0 250/451-453 330/457-458 
8.5 250/459 340/460 
 
Table 1. Excitation and emission wavelengths of the peaks identified in the 3D-EEM 












pH λExc/λEm (nm) 
 (α´ peak) 
λExc/λEm (nm) 
 (α peak) 
4.0 250/432 332-340/429-435 
5.0 250/441-442 340/437 
7.0 250/443 340/440 
8.5 250/444 350/444 
Table 2. Excitation and emission wavelengths of the peaks identified in the 3D-EEM 
fluorescence spectrum of the PL-FA sample at different pH values (4.0, 5.0, 7.0, and 8.5) 
 
 
In the 3D-EEM fluorescence spectra of the aerosol WSOM sample, two different 
groups of fluorophores (α´ and α) and one shoulder (γ) can be distinguished. The λExc 
and λEm of fluorophores α´ and α at different pH values are described in Table 3. These 
fluorophores were recognized as microbial and terrestrial derived aquatic fulvic acids 
structures (Diane M. McKnight et al., 2001). However in the 3D-EEM spectra of WSOM 
sample there is a shift to shorter wavelengths when compared to SR-FA and PL-FA 
results suggesting a smaller content of condensed and unsatured structures in the 
aerosol sample. This conclusion is supported by Duarte et al. work (2006) where it was 
show that WSOM from atmospheric aerosol present a higher content of aliphatic 
structures when compared with aquatic humic substances. Furthermore some authors 
have proved that the MW of organic compounds present in the water soluble fraction 
of atmospheric aerosols are lower than those find in the aquatic humic material (Kiss 
et al., 2003; Stone et al., 2009; Duarte and Duarte, 2011). The presence of lower MW 
compounds may also be responsible for the shift towards lower wavelengths in the 










pH λExc/λEm (nm) 
 (α´ peak) 
λExc/λEm (nm) 
 (α peak) 
4 240-242/407-410 320-321/410-413 
5 239/410 320/415-418 
7 239/407 321-329/413 
8.5 239-241/412-420 340/445-448 
 
Table 3. Excitation and emission wavelengths of the peaks identified in the 3D-EEM 




In order to clearly identify the λExc/λEm values of fluorophore γ, the 3D-EEM data 
were analyzed as a synchronous spectra obtained by fitting the mathematical equation 
λEm =λEx + Δλ to the 3D-EEM profiles with a Δλ of 40 nm. The synchronous spectrum 
obtained is presented in Figure 9 and exhibit two main peaks: the first located at λExc 
  280 nm (λEm =320 nm) and identified as γ in the 3D-EEM spectra of Figure 8, whereas 




Figure 9. Synchronous fluorescence spectra with Δλ = 40 nm of the aerosol WSOM 































λ Exc (nm)  
AWSOM at pH 4 
AWSOM at pH 5 
AWSOM at pH 7 
AWSOM at pH 8.5 





Duarte et al. (2004, 2005), based on the works of Ahmad et al. (1995), Parlanti 
et al. (2000), Peuravuori et al. (2002), and Yamashita and Tanoue. (2003), suggested 
that fluorophore γ can be attributed to aromatic amino acids, proteinaceous material, 
and phenolic compounds. 
In what concerns the influence of pH in the 3D-EEM fluorescence features of 
the NOM samples, it was possible to conclude that different pH environments affect 
the wavelength localization of the maximum fluorescence intensity. With increasing pH 
from 4.0 to 8.5 there is shift of the λExc/λEm of fluorophore α towards higher values. For 
the SR-FA sample, the λExc/λEm pair 329/437-454 nm at pH 4, shifts to 340/460 nm at 
pH 8.5. In the case of the PL-FA sample, from a λExc/λEm of 332-340/429-435 at pH 4.0 
to 350/444 nm at pH 8.5, whereas the WSOM sample from atmospheric aerosol from 
320-321/410-413 nm at pH 4 to 340/445-448 nm at pH 8.5. These changes can be 
attributed to conformational changes in the humic molecules. According to the 
supramolecular theory, the humic molecule tends to coil and hide their fluorescent 
components at low pH values as a consequence of increasing the electron-withdrawing 
groups as a result of the protonation of the organic molecules. At alkaline pH, the 
molecule tends to extend and expose the fluorescent constituent due to the disruption 
of the intermolecular hydrogen bindings (Hudson et al., 2007; Carletti et al., 2010). 
 
 
2.4. Conclusions  
The application of the 3D-EMM fluorescence spectroscopy to the SR-FA, PL-FA, 
and WSOM samples allow concluding that: 
 SR-FA and PL-FA samples exhibit two groups of fluorophores (α´and 
α); 
 independently of their different origin, the 3D-EEM spectra of the 
SR-FA and PL-FA are very similar, thus suggesting that these NOM 
could exhibit similar functional groups; 
 a shoulder at λExc /λEm = 280/320 nm (γ) was found in the aerosol 
WSOM sample; 





 as a consequence of the pH environment change it was verified a 
shift of the λExc/λEm towards higher values of fluorophore α as a 
result of the conformational changes in the fulvic acid molecules; 
 seems that the FLD is one of the three detectors that will be then 
used in the 2D-LC system it was important to available the 
fluorescence spectroscopic profile of each sample and chose one 
pair of λExc /λEm.; 
 fluorophore α is more susceptible to changes in their λExc /λEm. 
position as a consequence of the pH environment. Therefore, the 
pair that will be lately used in the FLD of the 2D-LC system is the one 
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Chapter 3. Optimization of the experimental conditions for the comprehensive 2D-LC analysis 
of NOM samples 
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3.1. Introduction 
Before proceeding with the comprehensive 2D-LC analyses of the NOM 
samples, it is important to optimize the chromatographic conditions in both 
dimensions, in regard to mobile phase composition, flow rate, and modulation period. 
Besides mobile phase compatibility, important for avoiding adsorption phenomena of 
the analytes into the 2ndD column under the injection plug (i.e. transfer volume) 
conditions, the flow rate used in the 2ndD will determine the sampling rate of the 1stD 
effluent (i.e. the switching-valve modulation period) and, ultimately, the time needed 
for accomplishing a high resolved comprehensive 2D-LC map of the NOM samples. In 
practical terms, the flow rate in the 2ndD must be about 100 times higher than in the 
1stD, which usually operates under sufficiently slow flow rate to produce broad peaks. 
Furthermore, the fast separation in the 2ndD is mandatory to make the modulation 
period small enough for obtaining a high resolution for the whole comprehensive 2D-
LC procedure (Murphy et al., 1998; Pól et al., 2006). 
This third chapter presents the results of the optimization of the separation of 
the NOM samples in both 1stD and 2ndD columns. This optimization procedure was 
performed independently in each dimension. In the 1stD, either a reversed-phase or a 
mixed-mode hydrophilic interaction column were used in an attempt to pull apart the 
NOM samples into more chemically distinct fractions. In the 2ndD, a size exclusion 
chromatography (SEC) column was used to further fractionate each NOM fraction 
according to its size and, therefore, obtain a MW distribution. The composition of the 
mobile phases was selected according to what has been reported in the literature for 
the chromatographic analysis of NOM from various environments (Wu et al., 2003; 
Stenson, 2008; Koch et al., 2008; Duarte and Duarte, 2010; 2011; Woods et al., 2011). 
 
3.2. Experimental procedure 
3.2.1 Preparation of NOM samples 
SR-FA standard material and PL-FA reference material were obtained from 
IHSS, whereas the WSOM sample was obtained within the framework of a research 
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project. Additional details on aerosol sampling, WSOM preparation, and structural 
characterization are described in the work of Duarte et al. (2007). NOM solutions were 
prepared by dissolving an appropriate amount of each sample in the mobile phase of 
the 1stD or 2ndD, according to the optimization process under study (see the eluent 
composition for each column in Section 3.2.2). The concentration of each sample was 
in the range of 0.23-0.42 mg mL−1, 0.23-0.78 mg mL−1, and 0.22-0.57 mg mL−1 for the 
SR-FA, PL-FA, and aerosol WSOM, respectively. Before injection, all NOM solutions 
were filtered through high performance liquid chromatography (HPLC) Certified 
Syringe Filters (SPARTAN, Whatman GmbH, Germany) of 0.20 μm pore size. 
 
3.2.2 Instrumentation and chromatographic conditions 
The 1stD consisted of a JASCO semi-micro HPLC pump (model PU-2085 Plus), a 
Rheodyne injection valve (model 7725i) equipped with a 20 L loop. Two columns 
were applied in the 1stD: i) RP Kromasil 100-5C18 (Akzo Nobel; diameter 4.6 mm; 
length 150 cm; particle size 5 μm); and ii) Acclaim Mixed-Mode HILIC-1 column 
(Dionex, Sunnyvale, CA, USA; diameter 4.6 mm; length 150 mm; comprised of 5 μm 
high-purity, porous, spherical silica particles with 120 Å diameter pores bonded with 
alkyl diol functional groups ). The 1stD was operated in isocratic mode using a mobile 
phase composition comprising different amounts of acetonitrile (0, 10, 15, 20, 25, and 
30% (v/v)) in the RP-C18 Kromasil column, and 20 mM ammonium acetate, 10% 
acetonitrile, and acetic acid at concentration of 11 mM and 1.1 mM for two different 
pH values (5 and 6, respectively) in the mixed-mode HILIC column. The flow rate was 
0.1 mL min-1 and the temperature of the analytical columns was maintained at 30ᵒC in 
a JASCO column oven (model CO-2065 Plus). It should be mentioned that for avoiding 
long elution times (almost three hours) in this optimization procedure, the flow rate 
used in both RP-C18 and mixed-mode HILIC separations is five times higher than the 
flow rate that actually will be applied in the comprehensive 2D-LC separations. It was 
assumed that the flow rate had negligible effects on the chromatographic profile of 
the NOM samples in the 1stD. 
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In the 2ndD, a JASCO quaternary low pressure gradient pump (model PU-2089 
Plus) and a PSS SEC Suprema 30 Å analytical column (Polymer Standards service GmbH, 
Mainz, Germany; diameter 8 mm; length 300 mm; particle size 10 µm; separation 
range 100-30.000 Da; stationary phase polydroxymethacrylate copolymer) were 
applied. The 2ndD was also operated in isocratic mode with a mobile phase 
composition consisting of 11% acetonitrile and 20 mM ammonium carbonate. The flow 
rate was 2.0 mL min-1 and the temperature of the analytical column was also 
maintained at 30ᵒC in a JASCO column oven. All the mobile phases employed in this 
part of the work were previously filtered by a Millipore 0.22 μm filter and degasified in 
an ultrasound bath. 
The outlet of the 2ndD was connected to three detectors in series: a diode array 
detector (DAD) (JASCO, model MD-2010) operating at 254, 280, and 365 nm, a 
fluorescence detector (FLD) (JASCO, model FP-2020 Plus) operating at 
emission/excitation wavelengths of 240/450 nm, and a evaporative light scattering 
detector (ELSD) (SEDEX model 80-LT-ELSD) operating at 60ᵒC and 3.5 bar. 
The software used to control the chromatographic systems and acquire the 




3.3. Results and Discussion 
3.3.1. Optimization of the chromatographic conditions using the RP-C18 column 
The RP chromatography includes any chromatographic method that uses a non-polar 
stationary phase and a polar eluent. In this work, a C18 column has been employed, 
which retains the compounds according to their hydrophobic character and it relies on 
a partitioning mechanism between the mobile phase and the surface of the stationary 
phase (Snyder et al., 2010). In order to understand which mobile phase composition 
provides the best results, in terms of separation within the short analysis time, 
different amounts of acetonitrile were tested: 0%, 10%, 15%, 20%, 25%, and 30% 
%(v/v). It should be mentioned that the selection of the optimum mobile phase 
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composition must also take into account the characteristics of the column used in the 
2ndD. As previously mentioned, it is important to avoid adsorption phenomena of the 
analytes into the 2ndD column under the injection plug conditions (i.e. when the 
fractions of NOM from the 1stD are separated in the 2ndD). Previous works, employing 
a size-exclusion column similar to that used in this study, suggested that 
concentrations of acetonitrile much higher than 20% (v/v) may yield a decrease in peak 
resolution and longer elution times as a result of the occurrence of non-size exclusion 
interactions (e.g., weak hydrophobic interactions) between the NOM structures and 
the stationary phase of the size-exclusion column (Duarte and Duarte, 2010; 2011). 
Therefore, in this first optimization study in the RP-C18 column, only concentrations of 
acetonitrile lower than 30% were tested due to the possibility of occurrence of 
adsorption phenomena of NOM moieties onto the stationary phase of the size-
exclusion column. 
For the sake of easier comparison all the chromatograms were normalized to 
the maximum and minimum of intensity.  
As depicted in Figure 10 for the SR-FA sample, a mobile phase containing 20% 
(v/v) of acetonitrile provided the best separation results in the RP-C18 column, with 
two distinguishable peaks in all chromatograms acquired by the different detectors. In 
this section, only the 1stD chromatograms obtained using the mobile phase 
composition selected for the subsequent comprehensive 2D-LC experiments are 
shown. The chromatograms obtained for the other mobile phase compositions are 
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Figure 10. Chromatograms of the SR-FA sample obtained in the RP-C18 column, with a mobile 
phase composition consisting of 20% (v/v) of acetonitrile, and recorded by different detection 
methods: UV absorption at 254 nm, 280 nm, and 365 nm (a), FLD at λExc /λEm = 240/450 nm (b), 
and ELSD (c) 
 
 
In the case of the PL-FA sample, a mobile phase composition consisting of 25% 
acetonitrile provided the best separation results in the RP-C18 column, also yielding 
two distinguishable peaks in all chromatograms (please, see Figures 39, 40, and 41 in 
Annex). Unexpectedly, a serie of comprehensive 2D-LC experiments conducted under 
these chromatographic conditions were not successful in resolving the PL-FA sample 
into more chemically distinct fractions. In fact, no separation of the PL-FA sample was 
achieved using these analytical conditions in the comprehensive 2D-LC system (RP-C18 
x SEC). Furthermore, the time required to complete a comprehensive 2D-LC protocol 
with a mobile phase composition of 25% (v/v) acetonitrile in the 1stD is of 135 minutes, 
which is almost twice of that required for a comprehensive 2D-LC protocol using a 
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decided to proceed with the comprehensive 2D-LC analysis of the PL-FA sample using a 
mobile phase composition of 20% (v/v) acetonitrile in the 1stD column. The RP-C18 
chromatograms of this sample, recorded by the different detectors, are shown in 








Figure 11. Chromatograms of the PL-FA sample obtaioned in the RP-C18 column, with a mobile 
phase composition consisting of 20% (v/v) of acetonitrile, and recorded by different detection 
methods: UV absorption at 254 nm, 280 nm, and 365 nm (a), FLD at λExc /λEm = 240/450 nm (b), 
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Regarding the RP-C18 separation of the aerosol WSOM, and due to the low 
amount of sample available to proceed with further structural characterization studies, 
just two mobile phase compositions (20% and 25% (v/v) acetonitrile) were tested. 
Apparently, better separation results were achieved using a mobile phase composition 








Figure 12. Chromatograms of the aerosol WSOM sample obtained in the RP-C18 column, with 
a mobile phase composition consisting of 20% (v/v) of acetonitrile, and recorded by different 
detection methods: UV absorption at 254 nm, 280 nm, and 365 nm (a), FLD at λExc /λEm = 
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3.3.2. Optimization of the chromatographic conditions using the mixed-mode HILIC 
column 
Hydrophilic interaction liquid chromatography (HILIC) combines the normal 
phase (NP) and the RP chromatography, and it employs a polar stationary phase with 
an aqueous mobile phase (Bernal et al., 2011). Consequently, it allows the retention 
and separation of polar compounds with different selectivity when compared to the 
traditional RP chromatography. According to Bernal et al. (2011) the most common 
theory states that HILIC retention results from the portioning of the analytes between 
the mobile phase and a water-enriched layer in the surface of the stationary phase. 
Several works have already been published employing an HILIC column to the 
separation of NOM (Woods et al., 2011), as well as for the analysis of specific organic 
compounds in environmental matrices (Barbaro et al., 2011; Kitanovski et al., 2011; 
Woods et al., 2011). It should be mentioned, however, that these works were 
exclusively based on the conventional 1D-LC approach. 
HILIC can be performed on a variety of stationary phases (e.g, amino-, amido-, 
cyano, carbamate, and polyol groups). The column employed in this work is an Acclaim 
Mixed-Mode HILIC-1, whose stationary phase consists in a silica-based material with 
alkyl diol bonding. It combines RP and traditional HILIC properties due to the 
hydrophobic alkyl chain and hydrophilic diol functionalities of the terminal groups that 
can interact by means of hydrogen bonding with analytes that contain hydroxyl and 
carboxyl groups (Jandera, 2008; 2011). When using a low content of organic solvent in 
the mobile phase, this column will operate in the RP mode, whereas in an organic-rich 
mobile phase this column will operate in the traditional HILIC mode (Jandera, 2011). 
Buffered mobile phases were employed in this work, following closely the conditions 
used by Woods et al (2011) for the HILIC separation of NOM, although the authors 
used gradient elution instead of isocratic elution, which was applied in present study. 
The mobile phases consisted of 20 mM ammonium acetate (pH 5 and 6) and 10% (v/v) 
acetonitrile. The pH of the mobile phases were adjusted to the appropriate values with 
acetic acid.  
In this part of the work all the chromatograms obtained with the mobile phase 
composition that will be used in the 2D-LC experiments are shown. For the SR-FA 
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sample, whose results are depicted in Figure 13 and 14, the elution time at pH 6 is 
lower than that at pH 5. In terms of 2D-LC analysis, these results suggest that the use 
of a mobile phase at pH 5 originates an increase in the analysis time of more than 20 
minutes as compared to that at pH 6. Therefore, and due to the lower time needed to 
complete the analysis, it was decided to use the mobile phase at pH 6 for the 
subsequent 2D-LC experiments. It is also important to note that the ELSD 
chromatogram presents very sharp peaks superimposed to the broad peak. This is 
likely to be a consequence of the concentration of both salt buffer and acetic acid in 
the mobile phase. According to Vervoort et al. (2008), a buffer concentration of 20 mM 
and acetic acid at 0.1% (v/v) yields a higher detector baseline noise when compared to 
that obtained at lower concentrations. More recently, Eom et al. (2010) also concluded 
that concentrations of salt buffer of 0.05 mM and acetic acid of 0.01% (v/v) increased 
the sensitivity of the detector, being in line with the results of Vervoort et al. (2008). It 
should be mentioned, however, that the apparent loss in detector sensitivity for SR-FA 
in the mixed-mode HILIC chromatography, was not verified in the ELSD chromatogram 
of the NOM sample in comprehensive 2D-LC analysis (section 4.3). It is suggested that 
the transferred fraction from the 1stD experiences some mixing and dilution with the 
mobile phase of the 2ndD, thus arriving with a somewhat dispersed concentration at 
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Figure 13. Chromatograms of the SR-FA sample obtained in the mixed-mode HILIC column, 
with a mobile phase composition consisting of 20 mM ammonium acetate, 11 mM acetic acid, 
and 10% (v/v) acetonitrile, at pH 5, and recorded by different detection methods: UV 
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Figure 14. Chromatograms of the SR-FA sample obtained in the mixed-mode HILIC column, 
with a mobile phase composition consisting of 20 mM ammonium acetate, 11 mM acetic acid, 
and 10% (v/v) acetonitrile, at pH 6, and recorded by different detection methods: UV 
absorption at 254 nm and 280 nm, (a), FLD at λExc /λEm = 240/450 nm (b), and ELSD (c) 
  
 
In what concerns the separation of the PL-FA sample, shown in Figure 15 and 
16, the use of a mobile phase at pH 6 allowed not only a lower elution time to 
complete the analysis, but also the organic material seems to undergo some kind of 
fractionation, as demonstrated by the presence of subpeaks and shoulders in both UV 
and FLD chromatograms. The ESLD chromatogram also exhibit very sharp peaks and a 
high baseline noise, being these features also explained by the concentration of the 
additives in the mobile phase. Furthermore any compound was detectable in UVD at 
365 nm at pH5. This fact is explained by the difference on pH that reduce considerably 
the absorbance values of the sample due to the formation of intra- and intermolecular 
hydrogen bonds between the protonate acidic groups and the oxygen-containing 
groups in the humic molecule. This change will lead to conformational alterations that 
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Figure 15. Chromatograms of PL-FA obtained in the mixed-mode HILIC column with a mobile 
phase composition consisting of 20 mM ammonium acetate, 11 mM acetic acid, and 10% (v/v) 
acetonitrile, at pH 5, and recorded by different detection methods: UV absorption at 254 nm, 
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Figure 16. Chromatograms of PL-FA obtained in the mixed-mode HILIC column with a mobile 
phase composition consisting of 20 mM ammonium acetate, 11 mM acetic acid, and 10% (v/v) 
acetonitrile, at pH 6, and recorded by different detection methods: UV absorption at 254 nm, 










































































Retention time (min) 
Chapter 3. Optimization of the experimental conditions for the comprehensive 2D-LC analysis 




Regarding the chromatographic analysis of the aerosol WSOM sample, the use 
of different pH values in the mobile phase (Figures 17 and 18) induced different 
fractionation patterns, particularly evident in the UV and ELSD chromatograms. 
Therefore, these two mobile phase compositions were used for the subsequent 
comprehensive 2D-LC analysis of the aerosol WSOM sample. It should also be 
mentioned that no signal was recorded in the UV detector at 365 nm. According to 
Duarte et al. (2005) work, this sample doesn’t present higher specific absorptivity at 
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Figure 17. Chromatograms of aerosol WSOM sample obtained in the mixed-mode HILIC 
column with a mobile phase composition consisting of 20 mM ammonium acetate, 11 mM 
acetic acid, and 10% (v/v) acetonitrile at pH 5, and recorded by different detection methods: 
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Figure 18. Chromatograms of aerosol WSOM obtained in the mixed-mode HILIC column with a 
mobile phase composition of 20 mM ammonium acetate, 11 mM acetic acid, and 10% (v/v) 
acetonitrile at pH 6, and recorded by different detection methods detection: UV absorption at 




3.3.3. Optimization of the chromatographic conditions using the SEC column 
The SEC column used is this work consists in a polydroxymethacrylate 
copolymer stationary phase that fractionate the NOM sample according to the 
molecular hydrodynamic volume of the NOM structures. Molecules that are smaller 
than the pore size of the stationary phase can enter into these pores and be retained 
for a longer time than larger molecules, which cannot penetrate into the pores of the 
packing material.  
For the SEC separation, the mobile phase composition was set according to the 
results obtained in a previous study by Duarte and Duarte (2011). Using an identical 
SEC column, these authors concluded that the best mobile phase composition that 
allows achieving a size fractionation of NOM consists of phosphate buffer and 11% 
(v/v) acetonitrile. It should be mentioned, however, that the non-volatile phosphate 
buffer used in this previous work has been replaced by the volatile ammonium 
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phase composition used in this work consists of 20 mM ammonium carbonate and 11% 
acetonitrile (v/v). 
The results obtained for the SR-FA, PL-FA, and aerosol WSOM samples are 
shown in Figures 19, 20, and 21, respectively. The NOM samples elute from the SEC 
column in about 150 s, which was set as the modulation time to avoid wrap around in 
the 2ndD when performing comprehensive 2D-LC analysis. All SEC profiles show a 
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Figure 19. Chromatograms of the SR-FA sample obtained in the Suprema 30 Å SEC column, 
with a mobile phase composition consisting of 20 mM ammonium carbonate and 11% (v/v) 
acetonitrile, and recorded by different detection methods: UV absorption at 254 nm and 280 
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Figure 20. Chromatograms of the PL-FA sample obtained in the Suprema 30 Å SEC column, 
with a mobile phase composition consisting of 20 mM ammonium carbonate and 11% (v/v) 
acetonitrile, and recorded by different detection methods: UV absorption at 254 nm, 280 nm, 
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Figure 21. Chromatograms of the atmospheric WSOM sample obtained in the Suprema 30 Å 
SEC column, with a mobile phase composition consisting of 20 mM ammonium carbonate and 
11% (v/v) acetonitrile, and recorded by different detection methods: UV absorption at 254 nm, 




 The objective of the work described in this third chapter was to optimize the 
chromatographic conditions for the subsequent the 2D-LC analyses. Two columns with 
different stationary phases were tested for the 1stD separation (RP-C18 and mixed-
mode HILIC columns), whereas a SEC column was selected for the 2ndD fractionation. 
The following mobile phase compositions have been tested and will be employed in 
the RP-C18 x SEC and mixed-mode HILIC x SEC chromatographic systems: 
 20% (v/v) acetonitrile for the RP-C18 separation of the selected NOM samples; 
 20 mM ammonium acetate, 11 mM acetic acid and 10% (v/v) acetonitrile, at 
pH 5, for the fractionation of the SR-FA, PL-FA, and aerosol WSOM samples in 
the mixed-mode HILIC column. This mobile phase, but at pH 6, will also be 
used for the separation of the aerosol WSOM sample in the mixed-mode HILIC 
column; 
 20 mM ammonium carbonate and 11% acetonitrile (v/v) for the SEC 
fractionation of the three NOM samples. 
 
After optimizing the mobile phase compositions and estimate the elution time of 
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of the 1stD, the modulation period, the number of fractions that will be transferred 
from the 1stD to the 2ndD, and the total run time of the entire analysis. These 
parameters are important for ensuring efficient comprehensive RP-C18 x SEC and 


















































































A 2D-LC system combines two different separation mechanisms by means of an 
interfacing valve. By combining those two mechanisms it is possible to obtain a more 
complete survey of a given sample than just by employing each separation protocol 
separately. Aiming at resolving the chemical heterogeneity of the selected NOM 
samples, comprehensive 2D-LC is employed for the first time to map the 
hydrophobicity and polarity versus MW distribution of NOM samples. For 
accomplishing this objective, two comprehensive 2D-LC methods have been applied: 
RP-C18 x SEC and mixed-mode HILIC x SEC. The obtained results are described in this 
fourth chapter.  
It should also be mentioned that for characterizing the MW distribution of the 
NOM samples, the SEC column must be calibrated with a set of standards with well-
defined MWs. The results are usually described in terms of number-average MW (Mn), 
weight-average MW (Mw), and polydispersity index (Mw/Mn). According to Chin et al. 
work (1994) the Mn parameter (Equation 1) is calculated taking into account the 
average of the MW values and it expresses the average properties of the sample 
related to the total weight fraction of the detected molecules. The Mw parameter 
(Equation 2) is calculated taking into account that the structures with higher MW 
contains more of the total mass. Mn and Mw were determined using the Equation 1 
and 2 where Mi is the MW of the analyte and hi is the weight of the sample eluted at 








In the current work, the values of Mn and Mw where estimated using the PSS 
WinGPC Unity software package, after calibration of the SEC column. 
Equation 1  
Equation 2  
   
       
          
 
   
          
       
 





Two 2D-LC systems were applied (C18 x SEC and HILIC x SEC), at three different 
samples (SR-FA, PL-FA and AWSOM). 
 
4.2. Experimental procedure 
4.2.1 Preparation of NOM samples 
NOM solutions were prepared by dissolving an appropriate amount of each 
sample in the mobile phase of the 1stD (see the eluent composition for each column in 
section 4.2.2). The concentration of each sample was in the range of 0.23-0.39 mg 
mL−1, 0.31-0.78 mg mL−1, and 0.26-0.48 mg mL−1 for the SR-FA, PL-FA, and aerosol 
WSOM, respectively. Before injection, all NOM solutions were filtered through HPLC 
Certified Syringe Filters (SPARTAN, Whatman GmbH, Germany) of 0.20 μm pore size. 
 
4.2.2 Instrumentation and chromatographic conditions 
The instrumentation used in these experimental procedure is the same used in 
section 3.2.2 (Chapter 3). Two columns were applied in the 1stD: i) RP Kromasil 100-
5C18; and ii) Acclaim Mixed-Mode HILIC-1 column. The 1stD was operated in isocratic 
mode using a mobile phase composition comprising 20% (v/v) of acetonitrile in the RP-
C18 Kromasil column, ,and 20 mM ammonium acetate, 10% acetonitrile, and 11 mM 
and 1.1 mM acetic acid at two different pH values (5 and 6, respectively) in the mixed-
mode HILIC column. According to the conclusions obtained in the third chapter, SR-FA 
and PL-FA sample were study at pH 5 and atmospheric WSOM at pH 5 and 6. The flow 
rate was 0.020 mL min-1 for all samples excepted in the WSOM sample in the mixed-
mode columns (at pH 5 and 6) where was 0,04 mL min-1. The temperature of the 
analytical columns was maintained at 30ᵒC in a JASCO column oven. In the 2ndD, a PSS 
SEC Suprema 30 Å analytical column was operated in isocratic mode at 2.0 mL min-1 
with a mobile phase composition consisting of 11% (v/v) acetonitrile and 20 mM 
ammonium carbonate. All the mobile phases were previously filtered by a Millipore 
0.22 μm filter and degasified in an ultrasound bath. The outlet of the 2ndD column was 




connected to three detectors in series: a diode array detector operating at 254 nm, a 
FLD operating at λExc /λEm = 240/450 nm, and an ELSD operating at 60
ᵒC and 3.5 bar. 
The 1stD and 2ndD were interfaced with an eight-port high pressure two-
position interfacing valve (VICI® AG International) equipped with two identical of 50 L 
sampling loops. A sampling loop of 100 L was used in WSOM sample in the mixed-
mode HILIC column. Modulation time was 150 s. The valve was controlled by the PSS 
WinGPC Unity software (Polymer Standards Service GmbH) by receiving a start-up 
signal from a PSS Universal Data Center (model UDC 810). This software was also used 
for the acquisition and handling of all data set. 
The SEC column in the 2ndD was calibrated using HPLC grade acetone 5% (v/v) 
and sodium polystyrenesulfonate standards of various MWs, Mp (MW at peak 
maximum): 186, 891, 2240, 3420, and 8390 Da (obtained from Sigma Aldrich). These 
standards were prepared by dissolving an appropriate amount of each compound in 
the mobile phase of the 2ndD. 
 
4.3. Results and Discussion 
Two replicas of the RP-C18 x SEC and mixed-mode HILIC x SEC analyses were 
conducted for each NOM sample. In this chapter, only the two-dimensional 
chromatograms of one of the replica are shown. The results obtained for the SR-FA 
sample are illustrated in Figures 22, 23, and 24, each recorded by a different detector, 
and in Table 4. The comprehensive RP-C18 x SEC system allowed the separation of the 
SR-FA sample into two fractions, with apparently different hydrophobicity. According 
to the mechanisms of retention in the RP-C18 stationary phase, signals 1, 3 and 5 
(Figures 22(a), 23(a), and 24(a), respectively) are likely to encompass organic 
structures with little affinity to the stationary phase and, therefore, more hydrophilic, 
than the structures present in signals 2, 4 and 6. On the other hand, and under the 
selected chromatographic conditions, the mixed-mode HILIC column in the 1stD was 
unable to pull apart the SR-FA sample into chemically distinct fractions and just one 
signal was detected in all chromatograms (signals 7, 8, and 9 in Figures 22(b), 23(b), 
and 24(b), respectively). It should be further mentioned the good agreement between 





the two replica in terms of retention time of the peaks along the 1stD, in both RP-C18 
and mixed-mode HILIC columns (in Table 4). Furthermore, in both RP-C18 x SEC and 
mixed-mode HILIC x SEC systems, there seems to be a unimodal MW distribution of 
the organic structures along the 2ndD, ranging Mw from 745 to 1224 Da and 1050 to 
2122 Da (Table 4), respectively, being these estimates influenced by both the detection 
method and separation mechanism in the 1stD. Regarding the Mw/Mn values, they 
varied within the range of 1.02-1.76, with the maximum values of polydispersity being 
recorded through the FLD method. Furthermore, the lowest Mw/Mn values (close to 




Figure 22. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of 
the SR-FA sample recorded by UV absorption at 254 nm. Colours are used to represent the 




Figure 23. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of the SR-
FA sample recorded by FLD at λExc /λEm = 240/450 nm. Colours are used to represent the intensity of 
















Figure 24. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of 
the SR-FA sample recorded by ELSD (60ᵒC and 3.5 bar). Colours are used to represent the 








Time 1st D 
(min) 
Mw (Da) Mn (Da) Mw/Mn 
C18 x SEC 
UV 254 nm 
(1) : 55; 55 
(2) : 59; 60 
(1) : 807; 790 
(2) : 745; 786 
(1) : 634; 645 
(2) : 691; 711 
(1) : 1.27; 1.22 
(2) : 1.08; 1.11 
FLD- 240/450 nm 
(3) : 55; 55 
(4) : 64; 64 
(3) : 1038; 1224 
(4) : 870; 1055 
(3) : 590; 696 
(4) : 698; 914 
(3) : 1.76; 1.76 
(4) : 1.25; 1.15  
ELSD 
(5) : 55; 55 
(6) : 59; 60 
(5) : 904; 924 
(6) : 940; 911 
(5) : 854; 865 
(6) : 926; 884 
(5) : 1.06; 1.07 
(6) : 1.02; 1.03 
HILIC x SEC 
UV 254 nm (7) : 63; 64 (7) : 1050; 1056 (7) : 998; 1008 (7) : 1.05; 1.05 
FLD- 240/450 nm (8) : 66; 66 (8) : 1926; 1936 (8) : 1728; 1758 (8) : 1.11; 1.10 
ELSD (9) : 65; 66 (9) : 2058; 2122 (9) : 1902; 1946 (9) : 1.08; 1.09 
 
Table 4. MW characteristics of the SR-FA sample estimated through comprehensive RP-C18 x 
SEC and mixed-mode HILIC x SEC (the results of each replica are separated by a semicolon and 












The results obtained for the PL-FA sample are shown in Figures 25, 26, and 27, 
and in Table 5. Once again, it is clear the good agreement between the two replica in 
terms of retention time of the signals along the 1stD. Nevertheless, in the 
comprehensive RP-C18 x SEC system, no separation was achieved and just one signal 
appear in all chromatograms (Fig. 25(a), 26(a), and 27(a)). On the other hand, an 
despite the continuous signal overlap, it seems that the comprehensive mixed-mode 
HILIC x SEC system was more successful in fractionating the PL-FA sample than the 
comprehensive RP-C18 x SEC system. Accordingly, two factions were detected by 
means of UV absorption at 254 nm (signals 13 and 14) and ESLD (signals 18 and 19), 
whereas three fractions (signals 15, 16, and 17) were clearly visible in the 
chromatogram recorded by FLD. In the particular case of the comprehensive mixed-
mode HILIC x SEC contour plots screened by UV absorption and ELSD, those two 
fractions can be more clearly distinguished in the three-dimensional surface plots of 
Figure 28. In mixed-mode HILIC, the retention of constituents is based on very complex 
mechanisms, consisting of partitioning, adsorption, ionic interactions and sometimes 
even hydrophobic interactions (Guo and Gaiki, 2011). Recently, (McCalley, 2010) 
conducted a survey on the retention mechanism of a mixture of neutral, strongly acidic 
and strongly basic compounds in HILIC using five different stationary phases, including 
the mixed-mode phase. Basic compounds seem to be more retained on all the phases, 
whereas the strong acids are poorly retained in the mixed-mode phase, which 
presumably has a significant concentration of acidic silanol groups. These results 
suggest that the organic structures of the PL-FA sample eluting first in the 
comprehensive mixed-mode HILIC x SEC method are likely to be more acidic than 
those of the latest-eluting material. However, definite structural assignments on the 
organic moieties present in each fraction are not possible, which means that these 
assumptions must be further substantiated by other screening techniques (e.g. NMR 
spectroscopy). Apparently, no separation was achieved along the 2ndD in the 
comprehensive RP-C18 x SEC system, and the chromatograms exhibit a unimodal 
distribution in terms of MW, ranging from 637 to 838 Da (Table 5), being these 
estimates also influenced by the detection method. In what concerns the fractionation 




in the comprehensive mixed-mode HILIC x SEC system, the complete range of MW 
variability was of 792-1026 Da, 921-1912 Da, and 1366-1950 Da for the UV absorption, 
FLD and ELSD methods, respectively. The Mw/Mn values varied within the range of 
1.03-2.10, with the maximum values of polydispersity being also recorded through the 
FLD method. The lowest Mw/Mn values (close to 1.0) were also consistently found in 





Figure 25. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of 
the PL-FA sample recorded by UV absorption at 254 nm. Colours are used to represent the 






Figure 26. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of 
the PL-FA sample recorded by FLD at λExc /λEm = 240/450 nm. Colours are used to represent the 





















Figure 27. Comprehensive RP-C18 x SEC (a) and mixed-mode HILIC x SEC (b) contour plots of 
the PL-FA sample recorded by ELSD (60ᵒC and 3.5 bar). Colours are used to represent the 
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Figure 28. Comprehensive mixed-mode HILIC x SEC three-dimensional surface plots of the PL-





















1st D (min) 
Mw (Da) Mn (Da) Mw/Mn 
C18 x SEC 
UV 254 nm (10) : 56; 58  (10) : 638; 637 (10) : 486; 515 (10) : 1.31; 1.24  
FLD- 240/450 nm (11) : 56; 57  (11) : 714; 753 (11) : 340; 375 (11) : 2.10, 2.01 
ELSD (12) : 56; 57 (12) : 795; 838 (12) : 734; 794 (12) : 1.08; 1.06 
HILIC x SEC 
UV 254 nm 
(13) : 70; 71 
(14) : 73; 75 
(13) : 964; 1026 
(14) : 792; 823 
(13) : 933; 985 
(14) : 769; 792 
(13) : 1.03; 1.04 
(14) : 1.03; 1.04 
FLD- 240/450 nm 
(15) : 71; 71 
(16) : 77; 78 
(17) : 87; 88 
(15) : 1488; 1912 
(16) : 921; 1235 
(17) : 931; 861 
(15) : 1193; 1466 
(16) : 754; 980 
(17) : 864; 742 
(15) : 1.25; 1.30 
(16) : 1.22; 1.26 
(17) : 1.08; 1.16 
ELSD 
(18) : 72; 71 
(19) : 79; 75 
(18) : 1688 ; 1950 
(19) : 1366; 1457 
(18) : 1536; 1785 
(19) : 1293; 1368 
(18) : 1.10; 1.09 
(19) : 1.06; 1.06 
Table 5. MW characteristics of the PL-FA sample estimated through comprehensive RP-C18 x 
SEC and mixed-mode HILIC x SEC (the results of each replica are separated by a semicolon and 




The results obtained for the aerosol WSOM sample in the comprehensive RP-
C18 x SEC system are shown in Figures 29, 30, and 31. No separation was achieved and 
just one signal is detected, showing a unimodal MW distribution ranging Mw from 299 
to 719 Da. The Mw/Mn values varied within the range of 1.04-1.45. These results are 
described in the Table 6. However, the comprehensive mixed-mode HILIC x SEC 
system, whose chromatograms are illustrated in Figures 32, 33, and 34, provided a 
different fractionation pattern. In terms of UV absorption, and with a mobile phase at 
pH 5, the aerosol WSOM sample was separated into six fractions with different polarity 
and MW distribution, as described in Table 6. The ELSD chromatogram exhibited much 
less resolution as compared to that of absorbance, and just one signal is observed. 
Surprisingly, no signal was detected in the FLD under the selected mobile phase 
composition (pH 5). At this point, however, no plausible reason was found to explain 





such a result. Opposite to the results obtained for the SR-FA and PL-FA samples (Tables 
4 and 5, respectively), no agreement was found between the two replica in terms of 
retention time of the signals along the 1stD (Table 7). Such a shift in the elution time 
was not verified at pH 6, thus suggesting that uncontrolled mechanisms such as 
adsorption, charge interactions and even hydrophobic effects might be affecting 
WSOM selectivity and fractionation at pH 5. In what concerns the MW distribution of 
the aerosol WSOM sample, the values varied within the Mw range of 157-649 Da and 
680-714 Da for the UV absorption and ELSD methods, respectively. Overall, the Mw/Mn 
values were found to be close to 1.0, except for signals 24 and 25, which exhibit higher 




Figure 29. Comprehensive RP-C18 x SEC contour plots of the aerosol WSOM sample recorded 
by UV absorption at 254 nm. Colours are used to represent the intensity of the signal at a given 
1stD retention time versus molar mass (Da) 
 
 
Figure 30. Comprehensive RP-C18 x SEC contour plots of the aerosol WSOM sample recorded 
by FLD at λExc /λEm = 240/450 nm. Colours are used to represent the intensity of the signal at a 
given 1stD retention time versus molar mass (Da) 
20 
21 








Figure 31. Comprehensive RP-C18 x SEC contour plots of the aerosol WSOM sample recorded 
by ELSD (60ᵒC and 3.5 bar). Colours are used to represent the intensity of the signal at a given 






Figure 32. Comprehensive mixed-mode HILIC x SEC contour plots of the aerosol WSOM sample 
at pH5 (a) and pH 6 (b) of the mobile phase, and recorded by UV absorption at 254 nm. Colours 




















Figure 33. Comprehensive mixed-mode HILIC x SEC contour plots of the aerosol WSOM sample 
at pH 6 of the mobile phase, and recorded by  FLD at λExc /λEm = 240/450 nm. Colours are used 





Figure 34. Comprehensive mixed-mode HILIC x SEC contour plots of the aerosol WSOM 
sample at pH5 (a) and pH 6 (b) of the mobile phase, and recorded by ELSD (60ᵒC and 3.5 bar). 
Colours are used to represent the intensity of the signal at a given 1stD retention time versus 
molar mass (Da) 
 
 
When employing a mobile phase at pH 6, the UV absorption chromatogram (Figure 
32(b)) of the aerosol WSOM sample exhibit only two signals (30 and 31) with different MWs: 
593-639 Da and 175-185, respectively (Table 7). In the FLD chromatogram, just one signal is 
detected (peak 32 in Figure 33 (b)) with a MW between 771 and 891 Da. The ELSD 
chromatogram (Figure 34 (b)) also has two signals with different polarity and MW distribution: 









maximum values of polydispersity being also recorded through the FLD method. The lowest 





Figure 35. Comprehensive mixed-mode HILIC x SEC three-dimensional surface plot of the 
aerosol WSOM sample at pH 6 of the mobile phase, and recorded by UV absorption at 254 nm 
 
 
Comparing the results of the MW distribution here obtained for the SR-FA and 
PL-FA samples with those described in the literature, it is possible to concluded that 
higher values have been reported in the literature (Chin et al., 1994; Perminova et al., 
1998; Zhou et al., 2000; O'Loughlin and Chin, 2001; Duarte and Duarte, 2011). These 
differences are likely be explained by the application of a fractionation scheme 
previous to the size-exclusion in the 2D-LC system. It is recognized that the amount of 
organic material within the fractions sampled from the 1stD effluent and re-injected 
into the 2ndD (i.e. the SEC column) is lower than when injecting the original NOM 
sample without a pre-fractionation procedure. This previous separation step leads to a 
decrease in the interaction between NOM constituents, which in turns can affect NOM 
aggregate formation and, consequently, their molecular size. These results also 
questions all the results reported in the literature, and opposite to what has been 
reported, it also suggests the lack of a preferential range of MW distribution for the 
studied NOM samples. 
Another important conclusion drawn from these results is that the constituents 
of the PL-FA sample have smaller molecular size than those of the SR-FA sample. These 
differences are likely to be explained by their different origin. As already mentioned in 
31 
30 





Chapter 2, the PL-FA have a microbial source and result from the degradation of algal 
biomass, whereas SR-FA originate from terrestrial plant and soil-derived organic 
matter inputs. Groups of compounds such as cellulose, lignines and other organics 
with high MWs are known to be present in the SR-FA sample (McKnight et al., 1985). 
When comparing the results obtained for the aerosol WSOM sample with those of the 
aquatic fulvic samples, it is also evident that the WSOM present the lowest molecular 
size range. These results are supported by previous works where it is shown that 
atmospheric organic compounds have MWs much lower than those of the terrestrial 
fulvic and humic acids (Kiss et al., 2003; Graber and Rudich, 2006; Stone et al., 2009). 
According to the work of Duarte and Duarte (2011), the occurrence of organic 
compounds with such a low molecular size range in this particular atmospheric aerosol 






Mobile phase at pH5  
Elution Time 
1st D (min) 
Mw (Da) Mn (Da) Mw/Mn 
C18 x SEC 
UV 254 nm (20) : 50; 55 (20) : 457; 521 (20) : 391; 462 (20) : 1.17; 1.13 
FLD- 240/450 nm (21) : 50; 54 (21) : 299; 493 (21) : 206;390  (21) : 1.45; 1.26 
ELSD (22) : 50; 55 (22) : 681; 719 (22) : 651; 693 (22) : 1.05; 1.04 
Table 6. MW characteristics of the aerosol WSOM sample estimated through comprehensive 
RP-C18 x SEC (the results of each replica are separated by a semicolon and the peak number is 
presented in parenthesis) 
 








Mobile phase at pH5  
 
Mobile phase at pH6  
Elution 
Time 1st D 
(min) 
Mw (Da) Mn (Da) Mw/Mn 
Elution 
Time 1st D 
(min) 
Mw (Da) Mn (Da) Mw/Mn 
HILIC x SEC 
UV 254 nm 
(23) : 40; 43 
(24) : 45; 48 
(25) : 51; 53 
(26) : 62; 65 
(27) : 75; 78 
(28) : 81; 83 
(23) : 523; 649 
(24) : 552; 524 
(25) : 406; 468 
(26) : 176; 181 
(27) : 164; 168 
(28) : 157; 159 
(23) : 507; 610 
(24) : 455; 543 
(25) : 363; 414 
(26) : 175; 180 
(27) : 161; 165 
(28) : 151; 155 
(23) : 1.03; 1.06 
(24) : 1.21; 1.16 
(25) : 1.12; 1.13 
(26) : 1.01; 1.01 
(27) : 1.02; 1.01 
(28) : 1.04; 1.02 
 
(30) : 40; 40 
(31) : 55; 55 
(30) : 593; 639 
(31) : 175; 185 
(30) : 529; 566 
(31) : 172; 182 
(30) : 1.12; 1.13 
(31) : 1.02; 1.02 
FLD- 240/450 nm      (32) : 41; 40 (32) : 771; 891 (32) : 525; 642 (32) : 1.47; 1.39 
 ELSD (29) : 45; 47 (29) : 680; 714 (29) : 668; 700 (29) : 1.02; 1.02 
 (33) : 40 ; 39 
(34) : 45; 45 
(33) : 845; 861 
(34) : 664; 665 
(33) : 824; 838 
(34) : 647; 652 
(33) : 1.03; 1.03 
(34) 1.03; 1.02 
Table 7. MW characteristics of the aerosol WSOM sample estimated through comprehensive mixed-mode HILIC x SEC (the results of each replica are 
separated by a semicolon and the peak number is presented in parenthesis)





It is also important to note that for the SR-FA and PL-FA samples, the MW 
distribution obtained through the comprehensive mixed-mode HILIC x SEC system is 
systematically higher than those estimated through the comprehensive RP-C18 x SEC 
system. Possible explanations for these results can include not only the effect of the 
different separation protocols in the 1stD, but also the occurrence of adsorption 
phenomena of NOM constituents into the 2ndD column under the injection plug 
conditions of the mixed-mode HILIC separation procedure. Either way, these results 
also reinforce the idea that the estimative of the MW distribution is strongly 
dependent on the chromatographic conditions and, consequently, the comparison of 
the results obtained upon different conditions is not straightforward. Furthermore, 
within the same comprehensive 2D-LC mechanism, the estimative of MW distribution 
for all NOM samples obtained by UV absorption, FLD or ESLD detection differ strongly. 
An important effect may have contributed to these differences between the three 
detectors: spectroscopic methods are dependent of the optical properties of the NOM 
samples (such as the number and type of chromophores) and not all organic 
components show the same molar absorptivity. The ELSD, on the other hand, is a 
universal detection method that depends only on the concentration of the analyte. 
This feature is likely to be the reason why values of polydispersity close to 1.0 were 
registered by the ESLD detection method. In contrast, the FLD method provided the 
highest polydispersity values, being this a consequence of the significant differences in 
the fluorescence pattern of the NOM constituents (e.g. aliphatic and aromatic 
compounds). It is also important to highlight the differences between the two replicas 
in both 2D-LC systems and for all NOM samples. These differences put into evidence 
the need to perform additional experiments to estimate the MW distribution of these 




 In this fourth chapter, two 2D-LC separation systems (comprehensive RP-C18 x 
SEC and comprehensive mixed-mode HILIC x SEC) were applied to map the 




hydrophobicity and polarity versus MW distribution of three different NOM samples: 
SR-FA, PL-FA, and aerosol WSOM. The obtained results allowed concluding that:  
 no fractionation of the SR-FA sample has occurred when a mixed-mode 
HILIC column was employed as 1stD separation mechanism, but with the 
conventional RP-C18 column two fractions were obtained along the 
1stD. On the other hand, for both PL-FA and aerosol WSOM samples, no 
separation was observed when using a RP-C18 column in the 1stD, 
although the mixed-mode HILIC column was able the separate these 
samples into chemically distinct fractions; 
 the complete range of MW distribution obtained in this study varied 
within the range of 745-2122 Da, 637-1950 Da, and 157-891 Da for the 
SR-FA, PL-FA, and aerosol WSOM sample, respectively; 
 based on the obtained MW values, the NOM samples can be arranged in 
the following order: aerosol WSOM < PL-FA < SR-FA. The obtained 
trends are due to the different origin and formation pathways of the 
these NOM samples, which strongly influence their chemical 
composition and MW distribution; 
 higher MW values are reported in the literature for these NOM samples, 
thus suggesting the important role played by the additional separation 
mechanism in the 1stD for an accurate estimative of the MWs through 
















































Most of the studies reported to date on the application of 2D-LC are focused on 
method development employing standard mixtures of compounds whose structure 
and elution pattern is well known (Tanaka et al., 2004; Im et al., 2009; Ginzburg et al., 
2011). Furthermore, the analysis of real samples (e.g. food and beverages, plant 
extracts, and environmental samples) is still limited to the identification of specific 
classes of well-known compounds (Pól et al., 2006; Wang et al., 2007b; Brudin et al., 
2010). When dealing with complex organic mixtures with unknown structures, such as 
those of NOM, the characterization of the sample should start from a holistic point of 
view rather than searching for specific compounds. The solution to this problem passes 
through the development of fractionation protocols for multidimensional systems. 
Following a optimization procedure, two different 2D-LC systems were 
developed and implemented into the analysis of three different NOM samples. The 2D-
LC proved to be a valid technique and a useful tool for the fractionation of such 
complex organic mixtures. Although from a qualitative point of view the obtained 
results can be considered to be reliable, their reproducibly still needs to be improved. 
Furthermore, the obtained results were also found to be dependent on the 
chromatographic conditions, which suggests the need for improving both mobile and 
stationary phases choices for NOM separation.  
With future developments in multidimensional systems, NOM fractionation can 
be further improved in order to achieve the homogeneity necessary for full understand 
of their structure via other screening techniques (e.g. NMR spectroscopy). In fact, 
understanding on how structural information is linked to size fractions should be a 
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Annexes  











Figure 36. Chromatograms of the SR-FA sample obtained in the RP-C18 column and recorded 
by UV absorption at 254 nm, 280 nm, and 365 nm, using a mobile phase composition consisting 














































































































































Figure 37. Chromatograms of the SR-FA sample obtained in the RP-C18 column and recorded 
by FLD at λExc/λEm = 240/450 nm, using a mobile phase composition consisting of 0% (a), 10% 









































































































































Figure 38. Chromatograms of the SR-FA sample obtained in the RP-C18 column and recorded 
by ELSD at 60ᵒC and 3.5 bar, using a mobile phase composition consisting of 0% (a), 10% (b), 









































































































































Figure 39. Chromatograms of the PL-FA sample obtained in the RP-C18 column and recorded 
by UV absorption at 254 nm, 280 nm, and 365 nm, using a mobile phase composition consisting 










































































































































Figure 40. Chromatograms of the PL-FA sample obtained in the RP-C18 column and recorded 
by FLD at λExc/λEm = 240/450 nm, using a mobile phase composition consisting of 0% (a), 10% 

































































































































Figure 41. Chromatograms of the PL-FA sample obtained in the RP-C18 column and recorded 
by ELSD at 60ᵒC and 3.5 bar, using a mobile phase composition consisting of 0% (a), 10% (b), 
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Figure 42. Chromatogram of the aerosol WSOM sample obtained in the RP-C18 column and 
recorded by UV absorption at 254 nm, 280 nm, and 365 nm, using a mobile phase 
composition consisting of 25% (v/v) acetonitrile 
 
Figure 43. Chromatogram of the aerosol WSOM sample obtained in the RP-C18 column and 
recorded by FLD at λExc/λEm = 240/450 nm, using a mobile phase composition consisting of 
25% (v/v) acetonitrile 
 
 
Figure 44. Chromatogram of the aerosol WSOM sample obtained in the RP-C18 column and 
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